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ABSTRACT
We show that according to the GRB internal shock model the pulse duration and the
interval between neighboring pulses are correlated and have a similar distribution. We
analyze a sample of bright long bursts and find that the pulses duration have a lognor-
mal distribution while the intervals has an excess of long intervals (relative to lognormal
distribution). This excess can be explained by the existence of quiescent times, long pe-
riods with no signal above the background. The lognormal distribution of the intervals
(excluding the quiescent times) is similar and correlated with the distribution of the
pulses width, in agreement with the predictions of the internal shock model. This sug-
gests that quiescent times are produced by a different mechanism then the rest of the
intervals, and possibly corresponds to periods in which the ‘central engine’ is not active
at all.
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1 INTRODUCTION
The fireball model is based on a ‘central engine’ that pro-
duces an irregular relativistic wind. The GRB is produced
in shocks that take place within this wind. The observed γ-
rays tell us about the collisions within the relativistic wind
while the afterglow tell us about the interaction of the wind
with the surrounding matter. We can learn directly about
the wind properties, about its hydrodynamic and about the
radiation processes. The absence of an afterglow or its ex-
istence and location can tell us about the nature of the
progenitor (Bloom, Kulkarni & Djorgovsky 2000). But all
the evidence we have about the central engine is indirect.
Therefore any information about the properties of the cen-
tral engine is important. According to the internal shock (IS)
model the γ-ray emission is the result of collisions between
shells with different velocities that were ejected by the cen-
tral engine. Kobayashi, Sari & Piran (1997) show that the
temporal structure of the light curve reflects the intrinsic
behavior of the central engine.
The light curve of a long GRB is usually complex, it
is composed from several dozens of short (about 1sec) sepa-
rated pulses. Many light curves contain ‘Quiescent times’,
long periods with no evidence of photon counts above
the background, between periods of strong γ-ray emission
(Ramirez & Merloni 2000, Nakar & Piran 2001a).
We show that the IS model predicts that the intervals
between neighboring peaks (∆t) and the pulses width (δt)
are governed by the same internal source parameter (the
separation between the shells). Therefore both parameters
should have a similar distribution, and should be correlated.
We analyze the distribution of the time intervals between
pulses and the pulses width in long bright bursts, using the
algorithm described in Nakar & Piran (2001b). We find that
the pulses width distribution is consistent with a lognormal
distribution. However, The distribution of the time intervals
between neighboring peaks is inconsistent with a lognormal
distribution. There is an excess of long intervals. When we
eliminate intervals which includes quiescent times we ob-
tain a lognormal distribution. We analyze the distribution
of ∆t (without the quiescent times) and δt and show that
the lognormal parameters of both distributions are similar,
and that ∆t and δt are correlated.
Our results support the central shock model and demon-
strate that the internal engine contain three time-scales of
different nature: (i) The pulses duration and the interval be-
tween pulses (both have a similar time-scale). (ii) Long pe-
riods within the bursts with no activity (’quiescent times’).
(iii) The whole burst duration.
2 THEORY OF δT AND ∆T IN THE IS MODEL
According to the IS model the source ejects a relativistic
wind with a strong variation in the density and the Lorentz
factor (Narayan, Paczynski & Piran 1992, Rees & Meszaros
1994). The IS occur when an inner faster shell overtakes
and collides with an outer slower one. The collision converts
a fraction of the bulk motion energy into internal energy,
and a significant fraction of the internal energy is emitted
as γ-ray photons. Each observed pulse corresponds to a sin-
gle collision (Kobayashi et al. 1997). We examine here the
relation between the interval between pulses and the pulses
width within the IS model.
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Consider two shells with a width l and a separation L.
The slower outer shell Lorentz factor is γ and the inner shell
Lorentz factor is 2γ, both in the observer frame. The colli-
sion will take place at Rs ≈ γ
2L. The relevant time scales
for the pulse width (δt) are the cooling, hydrodynamic and
angular spreading times. With the relevant parameters the
cooling time is negligible compared to the other two time
scales (Sari, Narayan & Piran 1996). The hydrodynamic
time is the time elapsed from the arrival of the first photon
(emitted from heated electrons at the contact line between
the shells), till the arrival of the last photon (emitted from
last accelerated electron at the rear end of the inner shell).
The shell is moving towards the observer at a Lorentz factor
γ. The reverse shock in the inner shell is relativistic (Sari
& Piran 1995). Hence, the dominant duration is due to the
shell width and the hydrodynamic time is of order of l/c
(Kobayashi, Piran & Sari 1997). The last time scale, the an-
gular spreading time, is of order of Tang ≈ Rs/2cγ
2
≈ L/c.
δt would be of course the larger of the three time scales. If
we assume L ≥ l (we will prove this assumption later) then:
δt ≈ L/c (1)
Consider now four shells separated by a distance of the
order L with Lorentz factors γi (i = 1, 2, 3, 4), of the order
of γ, that were ejected at times ti respectively. Lets assume
that there are two collisions - between the first and the sec-
ond shells and between the third and the forth shells. We
will observe two pulses. What will be the separation between
the pulses ∆t? The light of the first collision will reach the
observer at time (omitting the photons flight time):















When to is the observation time and the sub indexes 1, 2 are
for the collision of shells 1 and 2 ( e.g. Rs1,2 is the collision’s
radius of shells 1 and 2, to1,2 is the arrival time of photons
from the collision of shells 1 and 2, etc.). The same is applied
to the observation time of the collision between shells 3 and
4. Hence:










∆t ≈ L/c (4)
If l > L then δt > ∆t and we would not see two sepa-
rate pulses in the light curve. In the light curves of GRBs the
separate pulses are seen clearly, hence l ≤ L and the same
parameter - L determines the observed values of both ∆t
and δt. Therefore, both ∆t and δt should have the same dis-
tribution (up to some constant, ∆t should be slightly larger
then δt).
This calculation shows also that the interval between
pulses is influenced by the distance L3,4 and L1,2. Therefore
the pulse duration δt should be correlated with the duration
of the intervals just before it, and just after it.
The expected correlation is somewhat broken as δt is
limited while ∆t does not has an upper limit. The IS should
occur before the External shock (ES). The ES takes place
at the radius were the shell collects an ISM mass M/γ (see































































Figure 1. Left (a):The histogram of the pulses width (δt) com-
pared with the best-fit Gaussian. Right (b): The cumulative dis-
tribution of log10(δt) compared to this of a normal distribution















If the separation between the shells is too large they will not
have enough time to collide. ∆t does not have this limit.
3 RESULTS
We have applied a peak finding algorithm (Nakar & Piran
2001b) to a sample of 68 long bursts (T90 > 2sec). These are
the brightest long bursts in BATSE 4B catalog( peak flux in
64ms¿10.19ph/(sec · cm2)). This resulted in 1330 pulses and
1262 intervals. The analysis below is based on the width of
these pulses and the corresponding intervals between them
(peak to peak). We use the BATSE 64ms concatenate data.
The 64ms concatenate data includes the photon counts, in a
64ms time bins, from a few seconds before the bursts trigger
till a few hundred seconds after the trigger. The concatenate
data also contain very early and very late data in a 1024ms
resolution. We use only the 64ms resolution data (the mini-
mal ∆t and δt are 0.128sec when the data is binned to 64ms).
The light curve we analyze in each burst is the sum of all
four energy channels, i.e. E ¿ 25Kev.
3.1 δt distribution
Figure 1 shows the histogram of the pulses width. There is an
excellent agreement with a lognormal distribution. The χ2
test gives a probability of 0.52 that the data was taken from a
lognormal distribution, with µ = 0.065±0.04 (δtavg ≈ 1sec)
and σ = 0.77 ± 0.03 (1σ of the widths are between 0.5sec
and 2.3sec).
3.2 ∆t distribution
Li & Fenimore (1996) and McBreen (1994) suggest that the
distribution of the interval between pulses is a lognormal
















































Figure 2. Left(a):The histogram of the time interval between
neighboring peaks (∆t) compared with the best-fit Gaussian.
Right(b): The cumulative distribution of ln(∆t) compared to this
of a normal distribution with the best-fit parameters.
distribution. Moreover, we found that δt distribution is log-
normal, and the IS model predicts similar distribution of
∆t and δt. Therefore the null hypothesis that we consider is
that ∆t distribution is lognormal.
Figure 2a shows the histogram of the time intervals
between neighboring peaks (∆t). Figure 2b shows the cu-
mulative distribution of log10(∆t), compared to a best-fit
Gaussian. Both figures show a clear deviation of ∆t from a
lognormal distribution. There is a clear excess of long inter-
vals. Using the χ2 test, we find a probability of 1.2 · 10−10
that the data was taken from a lognormal distribution. The
null hypothesis clearly fail.
Li & Fenimore (1996) already mention such a deviation.
McBreen (2000) and Li & Fenimore (1996) suggest that this
deviation arises due to the limited resolution. To test this
hypothesis we show in Figure 3 the cumulative probability
of a mirror image of the right half of the ∆t histogram. This
half is insensitive to the limited resolution. Again the figure
show a deviation from a lognormal distribution and an ex-
cess of long intervals (and short ones which are of course the
mirror of the long intervals). This indicates that ∆t distri-
bution is not a lognormal.
3.3 ∆t and quiescent times
The long intervals between neighboring peaks are often dom-
inated by quiescent time. Quiescent times are periods within
the burst with no observable counts above the background
noise. The definition of the lower duration limit of a qui-
escent time is arbitrary (whether a single time bin with a
count level of the background is a quiescent time or not).
We demanded that the average of ten time bins should be
at the background level to be considered a quiescent time.
Hence the minimal quiescent time in our analysis is about
1sec. We found quiescent times in 35 of the bursts in our
sample (all together 50 quiescent times). Most of the bursts
contain one or two quiescent times, but some contain three.
The quiescent times last between a second (our arbitrary
lower limit) to hundreds of seconds. Typically they last sev-




























Figure 3. The the cumulative distribution of all the intervals
(∆t) above the median, compared with the best-fit Gaussian. The

















































Figure 4. The histogram cumulative distribution of time interval
between neighboring peaks (∆t) excluding intervals that includes
quiescent time, compared with the best-fit Gaussian.
eral tens of seconds. In some bursts the quiescent times are
a significant fraction of the total duration.
Since the quiescent times dominate the long intervals,
we have performed the same analyzes as in section 3.2, now
excluding all the intervals that contained a quiescent time.
Figure 4 shows the histogram and the cumulative distri-
bution of log10(∆t) excluding the intervals that contained
a quiescent time, compared to the best-fit Gaussian with
µ = 0.257± 0.051 (∆tavg ≈ 1.3sec) and σ = 0.90± 0.04 (1σ
of the intervals are between 0.53sec and 3.1sec). The fit is
good. The χ2 test gives a probability of 0.27 that this data
was taken from a lognormal distribution.
3.4 δt and ∆t correlation
We calculated Pearson’s linear correlation coefficient, r, be-
tween a pulse duration and the intervals just preceding, and
just after it (excluding intervals that contain a quiescent
time). We considered only bursts with more then 13 inter-
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vals (26 bursts of our sample). In both cases the average r is
∼ 0.5, showing a strong correlation. We also considered the
correlation between a pulse duration and a more distant in-
tervals (i.e. when there are several pulses between the pulse
and the interval considered) .The correlation drops rapidly
with the “distance” between the pulse and the interval. The
average r between a pulse duration and the interval after the
following pulse is 0.15. The correlation coefficient, r, drops
further to 0.05 when two pulses separate between the pulse
and the interval considered.
4 CONCLUSIONS
The pulse duration distribution is consistent with a lognor-
mal one. However, the distribution of the intervals between
pulses is inconsistent with a lognormal distribution. Removal
of the intervals that include quiescent times results in a dis-
tribution consistent with a lognormal one. This suggests that
the ∆t distribution is made of the sum of two different dis-
tributions. A lognormal distribution that is similar to the
pulse width distribution, and the quiescent times distribu-
tion. As ∆t reflects the central engine behavior, this suggests
that there are two different mechanisms operating within the
source. One with a lognormal distribution is responsible for
the fluctuations that produce the variability. It determines
the pulses width and the duration of the ‘regular’ intervals.
The other mechanism is responsible for the quiescent times,
possibly by turning the central engine on and off. Our re-
sult is supported by the result of Ramirez & Merloni (2000)
that has shown a correlation between the quiescent times
duration and the following period of activity.
The similarity of ∆t (excluding the quiescent times) and
δt distributions and the correlation between an interval and
the following pulse duration, confirms the suggestion that
the quiescent times are produces by a different mechanism.
While other models can also produce such correlation the
similarity of the pulses width and the interval distribution
is much harder to produce. Both the correlation and the
distributions similarity are in an excellent agreement with
the internal shocks model.
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